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Abstract—This paper presents fundamental results for the
problem of throughput optimization in heterogeneous mobile
sensor networks by considering the penalty incurred when a
mobile node switches to another receiver. We present online
and offline algorithms determining which receiver each mobile
node connects to at each time slot to maximize total throughput.
We initially consider the network setup with a single mobile
sensor, and expand our solutions for two models with multiple
mobile sensors and limited capacity for stationary receivers. We
analyze the difficulty of our problem, and also the lower bound
of the throughput ratio of our online algorithms. Simulation
results demonstrate the impact of the decision parameter used to
determine the propensity to switch receivers on the throughput
ratio.

I. INTRODUCTION

A cyber-physical networking system (CPNS) usually con-
sists of a network of distributed embedded sensors, actuators,
and computers that are all equipped with computing and
communication capabilities. These units interact with each
other in real-time [1], with varying capabilities. These systems
must sense a dynamically changing environment, observe and
detect application-specific phenomenons characterized by the
presence of certain criteria, and react to the phenomenons in
real-time. Cyber-physical systems (CPSs) plays a crucial role
in a broad spectrum of application domains [2][3][4]. Exam-
ples of such systems range from semi-autonomous spacecrafts
to radio controlled battlebots, and from autonomous aerial
systems to inter-connected radiation sensors for detecting the
presence of radioactive materials. CPS also has applications
in health services, where portable, wearable, or implantable
sensors are used to collect health information [5][6][7].

Transmitting critical data efficiently is a major problem
in CPS. The goal of most CPS applications is to transmit
data on physical characteristics through cyber space in a
timely fashion for appropriate analysis and decision making.
When we consider a network of wireless, mobile sensors as
the infrastructure of CPS, delivering large amounts of real-
time data successfully to the stationary receivers is one of
most important issues because of the capacity-constrained and
highly dynamic nature of wireless networks. This problem
of efficient data transmission is further complicated by in-
creasingly diverse transmission capabilities. For example, new
sensors with multiple radio access technologies are being de-
veloped and deployed with various emerging applications. For
these reasons, efficient transmission of critical physical data in
heterogeneous environments is a crucial and difficult problem

in optimizing the network throughput and interference.

In heterogeneous mobile sensor networks, one technique
employed to optimize network performance is to allow mobile
sensors to switch between receivers. Generally, each mobile
sensor node (MS) detects its nearby stationary receivers (SRs)
by scanning all available wireless channels and connects to
the one with the strongest received signal strength indicator
(RSSI). However, the RSSI may vary during the connection
so that the maximum throughput is not achieved if the mo-
bile node maintains one connection without switching. On
the other hand, if mobile nodes are constantly switching to
receivers with stronger RSSIs, this switching will take a toll
on the throughput because the overhead of switching between
two receivers is not negligible. For example, establishing a
connection to a 802.11 access point may take hundreds of
milliseconds [8].

The rest of the paper is organized as follows: In Section II,
we outline the system model and give our problem statement.
In Section III, we present online and offline SR-switching
algorithms for networks with multiple MSs and multiple SRs,
and consider two cases: Case 1 where SRs have limited
available bandwidth, and Case 2 where SRs are limited in
the number of MSs they can simultaneously service. We
also prove the NP-completeness of optimizing throughput in
networks with multiple MSs and multiple SRs where SRs
have limited bandwidth. In Section IV, we analyze the online
algorithms presented in Section III to provide a lower bound
of their throughput ratios. In Section V, our online algorithm
is implemented with a varied parameter used in switching
decisions. Results demonstrate the impact of the decision
parameter used to determine whether switching is worthwhile
on the throughput ratio. Finally, Section VI presents our
conclusions and final thoughts.

II. NETWORK MODEL AND PROBLEM STATEMENT
A. Network Model

In our work, we consider wireless mobile sensor networks
with m SRs and n MSs. Let S = {5;} be the set of SRs and
M = {M;} be the set of MSs, where 1 <i<m, 1<j<mn.
The total number of time slots is 7.

In each time slot 1 < ¢ < T, each MS can connect and
transfer data to a single SR, and it can not switch from one
SR to another SR within one time slot. We represent the
connection from MSs to SRs by a function d(7, j): € {0,1},
indicating whether or not M is connected to .S; at time ?.



We also define r(i,5); to be the selected data rate (Mbps)
between S; and M at time slot ¢. For example, in 802.11b,
r(i,j)e € {1,2,5.5,11}. We consider RSSI to be the only
factor determining the available data rates, though additional
factors may contribute in more complex scenarios.

One SR can simultaneously connect to multiple MSs
at time ¢. This yields an aggregated throughput B(i); =
>.0(4,3)er (4, §)r, for S; serving all connected MSs. We use
C(1)s to denote the maximum throughput capacity of S; at ¢.

At the end of each time slot ¢, each MS has the chance
to switch between SRs. If switching occurs, a penalty will be
applied in the following time slot so that the throughout for
that MS in the next time slot will be 0.

B. Problem Statement

Given: a 3-dimensional data rate matrix (i, j); on dimen-
sions 4, j and t.

Goal: find a solution on §(3,j); forall 1 <i<m,1<j <
nand 1 <t < T, such that max )y, 2 1<icm B(0)e

III. ALGORITHMS

In this section, we develop algorithms to help optimize
throughput for networks with Multiple MSs and Multiple
SRs (MMMS). We explore two possible models: a Bandwidth
Constraint Model where each RS provides a limited amount of
bandwidth, and a MS-Number Constraint Model where each
RS can service a limited number of MSs simultaneously. To
do this, we first explore algorithms for networks with a Single
MS and Multiple SRs (SMMS).

A. Single MS Multiple SRs

In the Single MS Multiple SRs problem (SMMS), the
network contains a single MS M, yielding a 2-dimensional
data rate matrix on ¢ and ¢, such that r(¢); denotes the data
connection rate of M with S; at time ¢, and J(i); denotes
the connection status of M to .S; at t. We assume each SR
S; can always accommodate M, that is, C(i); > r(i);. Since
each MS can only connect to one SR at each time slot, this
problem is equivalent to maximizing the overall throughput of

M, ie., maXZl<t<T,1<i<m (1) (i)

1) Offline Algorithm:

Theorem 3.1: The time complexity of the offline algorithm
is O(mT).

Proof: The offline version of this problem can be solved
by Dynamic Programming.

Let TH(S;,,to) denote the maximum throughput of
M in the optimal solution when M initially con-
nects to S;, at tg, so that we have TH(S;,,to) =
maX{Ztogthgigm 6(2)er(i)eld(io)e, = 1}-

Let TH (to) denote the maximum throughput of M in the
optimal solution starting from ¢y. Then we have

TH(to) = max{TH(Si,to)},Vl S ) S m
TH(SZ', to) = T(i)to + maX{TH(Si, to + 1), TH(tO + 2)}

(D
[ ]

2) Online Algorithm: The competitive ratio for any O-
lookahead online algorithm is unbounded because the switch-
ing penalty is one time slot. Suppose A; connects to S; at
time slot ¢ — 1. No matter what algorithm is applied by the
MS, if a switch is proposed at time slot ¢ — 1, no throughput
will be gained at ¢. Alternatively, if the MS does not switch at
time ¢ and achieves throughput (7, j);, we can always assume
there is a much larger data rate available through another SR
so that no competitive ratio can be achieved for M;. However,
1-lookahead online algorithms can have bounded competitive
ratios, as [9] proposed a 1-lookahead online algorithm with a
competitive ratio of 4 that employs a Wait-Dominate strategy.

B. MMMS Case 1: Bandwidth Constraint Model

In the Multiple MSs Multiple SRs problem (MMMS), more
than one MS can connect to the same SR in the same time slot.
In reality, multiple MSs connecting to the same SR can cause
collisions, but for simplicity we neglect the effect of these
collisions on the throughput. In Case 1, where the summation
of the data rates of all MSs connected to a single SR cannot
exceed the bandwidth capacity of that SR, our problem can
be described as:

Given: a 3-dimension data rate matrix r(¢,5); on dimen-
sions 4, j and ¢.

Goal: find a solution on §(¢,j); forall 1 < i < m, 1 <
j<mand1 <t <T,suchthat max) |, 2 1<cicm B()t
under the condition that B(i); < C(i); Vi. o

1) Offline Algorithm:

Theorem 3.2: Case 1 of our problem is NP-Complete even
if T =1.

Proof: Transformation from the 3-Partition Problem.

Let Q@ = {q1," - - g3m } be an instance of 3m elements to the

3-Partition Problem where ¢; is a positive integer. Note that

3Im

foreach 1 <k <3m, § < ¢; < where C = M.We
then construct an instance as an input to Case 1 asr?ollows.

Let n = 3m, ie, M = {M;, Ms,...,Msn}. r(i,5)
denotes the data rate from M to S;, and we let ¢; = (1, j) =
r(2,7) = - =r(m,j) V1 < j < 3m. We do not consider
time, since we are handling the case of a single time slot.

We now claim that there exists a 3-partition of ) if and
only if Case 1 can be solved with total throughput mC.

Suppose there exists a 3-partition of ) such that each
partition is of form {3(i—1)+1, 3(i—1)+2, 3(i—1)+3},V1 <
i < m. We then define the connection from MS to SR as
follows:

6(i,)1 =1if j € {3(i —1)+1,3(i — 1) +2,3(: — 1) + 3}.

0(i,7)1 = 0, otherwise.

2)

We observe that the bandwidth requirement for each MS as
well as the bandwidth constraint for each SR are satisfied and
the total throughput mC' is achieved.

On the other hand, assume that there is a feasible solution
to Case 1 with total throughput mC'. Suppose there is an SR,
say .5;,, that is simultaneously assigned more than three MSs.



We then note that the total bandwidth required by the MSs
assigned to S;, is larger than C due to the condition that
% < q < % for each 1 < ¢ < 3m. However, each SR
can handle a maximum bandwidth of C, which means that
at most three MSs are assigned to each SR. As there are 3m
MSs that need to be assigned among m SRs, this implies that
each SR must be assigned exactly three MSs. A solution to
the 3-Partition Problem can then be easily obtained, and this
completes the proof.

|

2) Online Algorithm:

Theorem 3.3: The Wait-Dominate algorithm has a compet-
itive ratio of 4 for our problem when each SR has a limited
total bandwidth available to connect to MSs.

Proof: 0—1 multiple Knapsack problem [8]: Suppose we
are given n items, each having a profit p; and a weight wj,
where 1 < j < m, and m knapsacks. Assign the items to
the knapsacks so that the total profit of the assigned items is
maximal, the total weight assigned to each knapsack does not
exceed its capacity, and each item is either assigned to one of
the knapsacks or rejected. Formally:

m
maximize: E E DjTi

i=1 j=1
subject to:

n
1. ijIEiJ’ S l{?i, for 1 S 7 S m;

J=1
m

2. ) i <1 for1<j<m

3. iy =0orLforl<i<m1<j<n
The SR switching problem with 7" = 1 is equivalent to the
0—1 multiple Knapsack problem if we assume the SR capacity
C; in our problem is equal to k; in the 0—1 multiple Knapsack
problem, and the data rate of each MS is equal to weight w;.
Let z; = w; for each item.

By applying a B-approximation algorithm at each time slot,
we can obtain an array X of the upper bound throughput in
the whole network for our SMMS-Online Algorithm. We can
then apply the Wait-Dominate online algorithm to the SMMS
problem on X. Since the [-approximation algorithm yields
a competitive ratio of %, ! and the Wait-Dominate strategy
yields a competitive ratio of 4 as proved in [9], we obtain the
overall competitive ratio %.

|

Finally, we present our a-Online Algorithm with Bandwidth
Constraint (o-OABC). For a MS M, connected to SR S;
at time slot ¢ — 1, if there exists an SR S;; such that
a(r(i,7)e + v, 5)i+1) < (7, 7)e+1. then M, switches to
S, at time slot ¢, and otherwise it maintains its connection
with the current SR S;. o > 1 is called the decision factor.
If multiple SRs are satisfied by the condition, choose the one
having the largest r(¢, j)¢41. For each SR S; at time slot
t, if the overall throughput from the connected MSs is larger

'In paper [10], the author provides a %—approximation algorithm for the
0 — 1 multiple Knapsack problem.

than the throughput capacity of .S;, one MS with the minimum
data rate will be chosen from those connected to \S;, and its
throughput will be reset to 0 at ¢. The process repeats until
the the remaining overall throughput of S; is no more than
its throughput capacity C(i):. a-OABC Algorithm is shown
in Algorithm 1.

Algorithm 1 «-Online Algorithm with Bandwidth Constraint (a-
OABC)

for j =1ton do
find ¢ with the maximum (4, 5)1 + 7 (%, j)2;
6, 7)1 < 1
end for
for i =1 to m do
while B(i); > C(i); do
find the minimum r(,5)1 such that r(i,5)1 > 0 and
6(i, ) = 1;
B(i) < B(i) = r(i, )1
T(Z',j)l < 0;
end while
end for
for t =2 to T do
for j =1tondo
find ¢ such that §(z, j)¢—1 = 1;
find 4" with the maximum 7 (3, j')¢4+1 such that a(r(i, 7): +
7(i,5)e1) < (i, 5)es1s
85(i,7)e + 0; 633", 4)e < 15
r(i',7)e + 0;
end for
for : =1 to m do
while B(i); > C(i); do
find ¢ with the minimum r(¢,5)+ such that 7(3,5): > 0
and 0(i,7): = 1;
B(i) + B(i) — r(i,5)e;
T(i,j)t +— 0
end while
end for
end for

C. MMMS Case 2: MS-Number Constraint Model

In Case 2, we consider networks where each SR can connect
to a limited number of MSs at any time ¢, and this limit is
expressed as N (i), for all 1 < i < m. We neglect the effect
of collisions on the throughput when K (i), the total number
of connections to S; at time ¢, is no more than N (%), so that
our problem can be described as:

Given: a 3-dimensional data rate matrix (i, j); on dimen-
sions ¢, j and t.

Goal: find a solution on 6(4,5); forall 1 < i < m, 1 <
j<mand1 <t <T,suchthat max ) ,cr 2 1<icm B()
under the condition that K(i); < N(i);. We assume n <
>N (i) for all ¢.

1) Offline Algorithm:

Theorem 3.4: The Case 2 of our problem is a P problem if
T=1.

Proof: This problem is identical to the Maximum
Weighted Matching Problem. In graph G, we create n vertices
M; representing n MSs, where 1 < j < n. We create N (i),
vertices S¥ for each S;, where 1 <i < mand 1 < k < N(i),.
Between each vertex pair SF and M, we create an edge

Y



weighed by (i, j);. The problem of finding the maximum
summation of throughput for all SRs is equivalent to finding a
maximum weighted matching in the bipartite graph G. Finding
the maximum weighted matching in a bipartite graph can be
done in O((n + >_ N(i))?%) time. The details can be found
in [11], [12].

Figure 1 gives an example of our problem with 2 SRs and
4 MSs, which can be transformed into a bipartite graph G, as
in Figure 2. The maximum weighted matching is displayed in

blue, and the maximum weight is 41. |
M1 M2 M3 M4
N1 =2 St 12 18 8 7
N2 =2 S2 6 16 4 5
Fig. 1. An Example with 2 SRs and 4 MSs
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M1 M2 M3 7 M4
Fig. 2. Maximum Weighted Matching

2) Online Algorithm:

Theorem 3.5: The Wait-Dominate algorithm has a compet-
itive ratio of 4 for our problem when each SR has a maximum
number of MSs it can service.

Proof: Applying the offline algorithm above, we can
obtain an array W of the upper bound throughput in the
network at each time slot. By using the Wait-Dominate online
algorithm for SMMA on X, we conclude that the competitive
ratio of our solution is 4 for Case 2, when the number of MSs
an SR can service simultaneously is constrained. |

Our a-Online Algorithm with MS-Number Constraint (a-
OAMNUC) is exactly the same as the Case 1 algorithm pre-
sented in the previous section except that the number of
connected MSs is used as a constraint instead of bandwidth.

IV. THEORETICAL ANALYSIS ON GENERAL a-ALGORITHM

Definition 4.1: «-Algorithm: A MS M performs a switch
from S; to S; if and only if a(r(i,j)e + r(4,7)e+1) <
r(i’,7)t+1, where « is the decision factor and « > 1. If more
than one SR is satisfied, M; switches to the one which has
the maximum 7(¢’, j);41.

Algorithm 2 «-Online Algorithm with MS-Number Constraint (-
OAMNC)

for j =1tondo
find 7 with the maximum 7 (4, )1 + (4, j)2;
6(1, )1 + 13
end for
for i =1 tom do
while K(Z)l > N(Z)l do
find the minimum r(i,5)1 such that 7(i, 7)1
6(i,j)1 =1,
K@)« K(i)—1;
(i, )1 < 0;
end while
end for
for t =2to T do
for j =1ton do
find 4 such that §(i,5):—1 = 1;
find + with the maximum 7 (4, j')¢+1 such that a(r (3, 5)¢ +
(i, §)er1) <7 5)er1s
8(i,5)e < 0; 8(i', ) < 13
(', j)e < 0;
end for
for i =1 to m do
while K (i), > N (i), do
find ¢ with the minimum r(, j)¢ such that 7(4,5): > 0
and 6(z,7)e = 1;
K(i) « K(i) — 1;
7"(7:7].)15 «— 05
end while
end for
end for

> 0 and

Adversarial strategies can be categorized into two major
types. In Type 1, the adversary always generates a rate r for
the SRs that MS M is not connected to below the switching
threshold, so that M persistently stays connected to S7 without
performing any switching during the duration of the pattern.

Theorem 4.1: The lower bound of the throughput ratio
of Type 1 is i

t 1 2 3 4 k-1 k k+1
(1), (1), M(q | 1D | r(Dias
& -L->0——>
1(2),

1(2), M2t | 1@ | r(@as

Sz | r(2),

Fig. 3. Type 1

Proof: Suppose the arbitrary r values in Figure 3 are
given, where there are two SRs S7 and .S;. The arrow indicates
the SR choice by the MS. The shadow means the throughput
at time slot ¢ is larger than 0. From the definition of Type 1,
we have the following inequalities.

a(r(l)y +r(l)g) >r
a(r(l)z +r(1)s) > r(2)s,
>r

a(r(l)s +r(1)4) 3)

(2)k7

>r
Z r(2)k+1a

a(r(Dg—1+r(1)k)
a(r(Dr +r(Lk41)



which is
k—1 k
a(d o r(W)i+ Y r(1):) =Y r(2) @)
i=1 i=2 i=2
And we also know
Th(ON) =Y r(1); )
i=1
and i
Th(OPT) =Y "r(2); (6)

||
N

K2

From Inequality (4), Equation (5) and (6), we complete the
proof that

w= Th(ON) >

- Th(OPT) M

1
2a
The proof can be easily extended from two SRs to more than
two SRs. All SRs except S7 have the same x values as S5 such
that M still constantly connects to S; without switching. W

In Type 2, the second type of adversarial strategy, the
adversary continuously generates a rate r above the switching
threshold. Consequently, M switches back and forth between
S1 and S, in order to obtain a larger throughput in the next
time slot, but instead constantly incurs the switching penalty
and obtains throughput 0, until the last time slot k. M does
not connect to the same SR in any two adjacent time slots
except during the last two.

Theorem 4.2: The lower bound of the throughput ratio

of Type 2 is <=1
t 1 2 3 4 k-1 k k+1
S [ | e | s | D | | s [0 |
se: [ 1@ | 1@, | 1@, | 1@ | T | 1@ | 1@ | 1@
Fig. 4. Type 2

Proof: Figure 4 shows the SR choices of Type 2 where
we suppose k is odd without loss of generality.

a(r(l)y +7(1)2) <r(2)2
a(r(2)2 +7(2)
a(r(l)g +r(1)y) < r(2)4,

w
~—
A\
=
—~
-
SN~—
w

(®)

.OZ(T(Q)kfl + T(Q)k) < T(l)k,
a(r(De + (k1) = 7(2)k+1,

which is

< ar(l) 9)

And we also know

Th(ON) = r(1)s (10)
and
k k
Th(OPT) <Y r(1);+ Y _r(2); (11)
=1 =2

From Inequality (9), Equation (10) and (11), we complete
the proof that
Th(ON) a—1
Th(OPT) o
If there are more than two SRs in the network, the same
results can be derived.

Y= 12)

V. SIMULATION RESULTS

In our simulations, we create an area of size 100 x 100. 20
SRs and 100 MSs are randomly deployed in this area. Each
mobile station moves in a straight line with constant speed v
between random points on the boarder of the area. The overall
simulation time is 1000 time slots. We run 100 trials of each
simulation setting and take the average of these trials.

Since our switching protocols are designed for networks
limited to single-hop communication capabilities, we model
our simulations on the settings of IEEE 802.11 wireless
networks. Accordingly, we consider data rates 5.6, 10.5, 18.6,
25.2, 30.5 and 32.5 (Mbps), which have ranges 141, 113, 76,
61, 45 and 41 (meters) respectively. From these data rates,
we know that the simulation results will not be effected if
a > % = 2.902 because for larger values of alpha,
no switching can occur. We run simulations for both Case
1, where SRs are bandwidth-constrained, and Case 2, where
SRs can service a limited number of MSs simultaneously.

From the results in Fig 5 and 6, we notice that when the
decision factor « is small, each MS is more sensitive to data
rate changes and SR switching is more prone to happen. This
sensitivity produces a high throughput v > for MSs that move
slowly, since the variability in their available data rates is

24) is defined as the throughput of online algorithm over the summation of
the throughput of each MS using Dynamic programming in SMMS-Online
Algorithm.



relatively low, which allows them to take full advantage of
each switch. Conversely, this sensitivity produces a relatively
low throughput psi for MSs that move quickly. When MSs
move very quickly, by the time they switch to an SR with a
higher capacity, they have moved so much that the available
data rates have changed, and they must switch again. This
constant switching incurs too many switching penalties, which
waste throughput.

When « is large, each MS is less sensitive to data rate
changes. Thus, slow-moving MSs, which are presented a low
variability of available data rates, miss out on more opportu-
nities to gain the benefits of switching and thus yield lower
throughput. Conversely, fast-moving MSs, which have a high
variability of available data rates, avoid the excessive switching
penalties incurred when they switched more freely. As a result,
these fast-moving nodes enjoy a boost in throughput for larger
values of «.

0.4 T T T T T T T T T

0.35
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»
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VI. CONCLUSION

This paper presents online and offline SR-switching algo-
rithms for networks with multiple MSs and multiple SRs in

order to maximize total throughput. In such networks, MSs
may achieve better throughput by connecting to an SR with
higher service capabilities. However, the act of switching
deducts from the throughput. By considering this switching
penalty, we proposed algorithms for various network setups,
including networks with a single MS and multiple SRs, as
well as networks with multiple MSs and multiple SRs. For
networks with multiple MSs and multiple SRs having limited
bandwidth, we also prove the NP-completeness of optimizing
throughput. We analyze our online algorithms to provide a
lower bound of their throughput ratios. Finally, our simulation
results demonstrate the impact of the switching decision
parameter on the throughput ratio.

In the course of this work, we focus on networks limited
to single-hop capabilities. We present protocols for MSs to
communicate directly with SRs, instead of communicating
with each other. In the future we would like to expand
these protocols to take advantage of multi-hop capabilities in
networks. Since many wireless sensor networks allow sensor
nodes to communicate with each other, such an expansion
would have powerful applications for wireless sensor net-
works.
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